ABSTRACT Two cell lines, ABADRL-Cs-W3 (W3) and ABADRL-Cs-W8A (W8), were developed from a Þeld population of Culicoides sonorensis Wirth & Jones. The cell lines were characterized by isozyme phenotyping and the ability to support the replication of bluetongue virus (BLU) and epizootic hemorrhagic disease virus (EHDV) (Orbivirus, Reoviridae). Comparison of isozymes found in the cell lines with those found in adult C. sonorensis colony insects conÞrmed that the cell lines were of C. sonorensis origin. There was, however, sufÞcient isozyme variation present in the cell lines to construct a unique isozyme proÞle for each cell line. Although both cell lines supported BLU and EHDV replication to the same level, one-step growth curves for BLU indicated that virus replication was faster and attained a peak titer earlier in the W3 cell line than in the W8 cell line. Viral proteins and RNA were detected earlier in the W3 cell line as well. The accelerated virus growth kinetics observed in the W3 cell line and the adherent nature of the cells makes it more suitable for certain Orbivirus studies.
BITING MIDGES OF THE GENUS Culicoides are biological vectors for a variety of arthropod-borne pathogens of economic, veterinary, and medical importance. Arthropod-borne viruses transmitted by Culicoides spp. include members of the family Reoviridae (Mellor 1992) , Bunyaviridae (Jennings and Mellor 1989 , Calisher et al. 1986 , Pinheiro et al. 1982 and Rhabdoviridae (Nandi and Negi 1999) . Within the family Reoviridae, Culicoides spp. have been shown to transmit several viruses including the economically important bluetongue viruses (BLU). In North America, Culicoides sonorensis Wirth & Jones (formerly Culicoides variipennis Coquillett) is the primary vector of BLU (Tabachnick 1996 , Holbrook et al. 2000 . Bluetongue viruses can cause disease in sheep, cattle, and certain wild ruminants. Besides economic losses from overt disease, international regulations prohibit movement of livestock or germplasm from countries harboring animals with BLU to countries considered BLU-free, and this has a signiÞcant economic impact on livestock industries (Gibbs 1983 , Osburn 1985 .
Laboratory colonies of C. sonorensis were established at the Arthropod-Borne Animal Diseases Research Laboratory (ABADRL) to conduct research on BLU and related orbiviruses (Jones 1960, Jones and Foster 1978) . Laboratory-reared midges have been extremely useful, but for many research applications the use of insects is too cumbersome and labor intensive. To accommodate a wider range of experimental parameters, cell lines were developed and characterized from embryos of two colonies. The two cell lines, ABADRL-CuVa-1087 (CuVa) developed from AA colony embryos (Wechsler et al. 1989 ) and ABADRLCv-KC (KC) developed from AK colony embryos (Wechsler et al. 1991) , were shown to support the replication of BLU to high titer. Soon after development, however, an infectious virus was detected by electron microscopy in the CuVa cell line (Wechsler et al. 1991) , thus limiting its usefulness. The KC cell line has been a valuable resource for research at ABADRL and other laboratories (Mertens et al. 1996 , Xu et al. 1997 , Nunamaker et al. 1999 . However, one cell line may not be representative of the genetic diversity present in C. sonorensis populations. Therefore, we developed two additional cell lines from a Þeld population of C. sonorensis. The genetic diversity of these cell lines was indirectly assessed by comparison of their isozyme phenotypes with colony and Þeld source adult insects and the colony-derived cell lines. Further characterization was based on susceptibility of the cell lines to BLU and epizootic hemorrhagic disease virus infection.
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Materials and Methods
Culicoides sonorensis Cell Lines. Larvae were collected from a Þeld site (Ausman) in Weld Co., CO. The larvae were reared to the adult stage by methods previously described (Jones et al. 1969 , Hunt 1994 and the adults were allowed to mate. The eggs were collected and processed for cell culture according to the methods of Wechsler et al. (1989) . Because of the small amount of material available, the chorions were not separated from the egg homogenate before culture. The W3 cell line was initiated in September 1995 from approximately100 embryonated, 2-d-old eggs. The W8 cell line was initiated in October 1995 from Ϸ300 embryonated, 1-d-old eggs.
Sterility. The cell lines were tested for the presence of bacteria and fungi by inoculation of blood agar and thioglycolate medium. The cells were tested for mycoplasma by inoculation of mycoplasma agar medium and the use of the Mycotect test (Life Technologies, Grand Island, NY). Cells were sonicated and examined by electron microscopy for the presence of virus particles or other microorganisms using negative staining techniques (England and Reed 1980) . Isozyme Phenotyping. Isozyme migration distances and banding patterns for enzymes assayed from the W3 and W8 cell lines were compared with the colonyderived C. sonorensis embryo cell lines, C6/36 (Aedes albopictus, CRL 1660, American Type Culture Collection [ATCC], Manassas, VA), S2 (Drosophila melanogaster, CRL 1963, ATCC) cell lines, and adult AK, AA colony, and Ausman midges. Eleven to 19 individual adults were tested in each population for each enzyme. Adult midges were collected and stored at Ϫ70ЊC until they were processed for isozyme analysis. AK colony midges were collected in 2002, AA colony insects in 1998 Ð2000, and Ausman midges in 2000. Enzyme extraction, electrophoresis, and selective staining were performed using a commercially available isozyme analysis system according to the manufacturerÕs instructions (Authentikit System, Innovative Chemistry, MarshÞeld, MA). Individual adult insects were ground in 10 l extraction buffer and handled the same as cell samples. Samples were tested for seven enzymes, including: malate dehydrogenase (MDH, EC# 1.1.1.37); malic enzyme (ME, EC# 1.1.1.40); isocitrate dehydrogenase-1 (IDH1, EC# 1.1.1.42); phosphoglucose isomerase (PGI, EC# 5.3.1.9); phosphoglucomutase (PGM, EC# 5.4.2.2); peptidase-1 (PEP1, EC# 3.4.11); and 6-phosphogluconate dehydrogenase (PGD, EC# 1.1.1.44). These enzymes were used previously to clarify the taxonomic status of species within the C. variipennis complex (Tabachnick 1990 (Tabachnick , 1992 Holbrook et al. 2000) . The migration distance for the most frequently occurring isozyme for each enzyme tested in the AK colony adult insects was selected as the reference allele and designated 100. The other alleles were identiÞed based on the ratio between the AK colony reference isozyme migration distance and the migration distance of the other isozymes, multiplied by 100. All isozymes that had a mean migration distance Ϯ1 mm (1SD) were considered equivalent.
Cell To examine BLU growth kinetics, a one-step growth curve was performed at 30ЊC using BLU-11 to infect ßasks of insect cells or a Vero clone (VM, African green monkey kidney, Middle America Research Unit, Panama City, Panama) using the procedures described above. Cell samples were processed on 1, 2, 3, 5, and 7 DAI.
Results and Discussion
During the initial phase of development of the W3 and W8 cell lines, clumps of cells were seen associated with ruptured chorions. These clumps of cells, after Ϸ2Ð 4 wk, attached lightly to the growth surface and spread. After 9 Ð12 mo, sufÞcient cells were present to subculture. Both cell lines contained a mixture of cell types. The W3 cell line contained predominantly epithelial-like cells and was Þrmly adherent. The W8 cell line contained predominantly fusiform or stellate shaped cells that appeared similar to the predominant cell type seen in the KC or CuVa cell lines (Wechsler et al. 1989 ). This cell type was lightly adherent. Both cell lines easily adapted to growth at a variety of temperatures and froze well in a solution consisting of 5Ð10% dimethyl sulfoxide in fetal bovine serum. The cell doubling rate at 30ЊC for the KC, W3, and W8 cell lines was determined to be Ϸ14 h.
The W3 and W8 cell lines were examined for the presence of bacteria, fungi, mycoplasma, and viruses. No contaminants were detected using the methods described.
Isozyme analysis has been used previously to clarify the taxonomic status of species within the C. variipennis complex (Tabachnick 1990 (Tabachnick , 1992 Holbrook et al. 2000) . The Ausman population has been classiÞed as C. sonorensis in collections from 1987 to 88 (Tabachnick 1990) and 1990 (Tabachnick 1992 ) based on morphometric and isozyme analysis. The predominant alleles found in (Table  1) . This supports the assertion that C. sonorensis is still the primary species present at this site. The frequency of individual heterozygotes in either the colony or Ausman populations has not been reported. Phosphoglucose isomerase is a dimeric enzyme and individuals heterozygous for this enzyme produce a triple-banded phenotype after gel electrophoresis, if the isozyme subunits are coded for by a single locus (Harris 1975) . A typical triple-banded phenotype was detected in insects from all three populations for PGI using the current analysis system (Table 1 ). The frequency of heterozygotes was highest in the AA colony midges (29%), intermediate in the AK colony insects (20%), and lowest in the Ausman population (17%). The lower frequency found in the Ausman population was reßected in the absence of this phenotype in the Þeld-derived cell lines.
All of the isozymes found in the W3 and W8 cell lines were found in the C. sonorensis adult AK colony population (Table 1 ). The isozyme, PGI 78 , however, was detected in the W8 cell line, but not in the parent population. This isozyme is likely present in the Þeld population, but was not detected because of the small number of adult insects sampled. Isozymes for Þve of the seven enzymes analyzed from each of the Þeld-derived cell lines were identical to the predominant isozymes found in the colony-derived KC cell line. Differences were observed in the alleles for PGM, PGD, and PGI. These differences provided sufÞcient information to construct a unique isozyme proÞle for each of the Culicoides cell lines. The W3 cell line contained the alleles PGD 45 and PGI
245
. The W8 cell line contained PGD 45 and PGM
78
. The Culicoides cell lines were readily distinguishable from Aedes albopictus (C6/36) and Drosophila melanogaster (S2) cell lines using isozyme analysis. The C6/36 cells shared isozyme identity with the C. sonorensis cell lines at PEP1 100 and PGD
100
. The S2 cells contained the same PGM 78 allele as the Culicoides cells. Both the W3 and W8 cell lines were susceptible to BLU and EHDV infection. SigniÞcant cytopathology was not observed in the W8 or KC cell lines during infection. Some cell rounding and detachment were observed in infected W3 cells by 3 DAI. The W3 cell line is composed primarily of epithelial-like cells. Bluetongue virus-induced cytopathic effects have been observed in epithelial-like cells in early passage C. sonorensis cell lines developed from AA colony embryos (Wechsler et al. 1989) . The cellular changes observed in the W3 cell line during infection were not progressive and did not affect all of the cells in a culture as is typically seen in infected mammalian cell cultures. Persistently infected cells could be established. No shut down of host cell protein synthesis was detected during infection. a Samples: AK ϭ AK Colony adult midges; AA ϭ AA Colony adult midges; Aus ϭ Ausman adult midges; KC ϭ AK Colony embryo cell line; CuVa ϭ AA Colony embryo cell line; W3 ϭ Ausman embryo cell line; W8 ϭ Ausman embryo cell line.
b Enzymes: IDH1 ϭ isocitrate dehydrogenase-1; MDH (s) ϭ malate dehydrogenase, cytoplasmic form; PEP1 ϭ peptidase-1; ME ϭ malic enzyme; PGM ϭ phosphoglucomutase; PGD ϭ 6-phosphogluconate dehydrogenase; PGI ϭ phosphoglucose isomerase.
c Isozyme identiÞcation was based on the ratio between the migration distance of the most frequently occurring isozyme found in the AK Colony adults (designated 100) and the other isozymes, multiplied by 100. Isozymes with mean migration distances Ϯ 1 mm (1 SD) were considered equivalent. There were no apparent differences seen in the total virus yield of BLU or EHDV between the Þeld-derived C. sonorensis cell lines at 7 DAI. The mean titer for the Þve U.S. serotypes of BLU was 1.8 ϫ 10 7 Ϯ 1.3 ϫ 10 7 CCID 50 /ml in the W3 cells. The mean titer for the BLU serotypes in the W8 cells was 1.1 ϫ 10 7 Ϯ 9.0 ϫ 10 6 CCID 50 /ml. These virus yields were equivalent to the yields observed for the KC cell line in the current study and to those reported previously (Wechsler et al. 1991) . The mean titers for the two U.S. serotypes of EHDV in W3, W8, and KC cells, were 1.1 ϫ 10 7 Ϯ 8.5 ϫ 10 6 , 9.8 ϫ 10 6 Ϯ 5.7 ϫ 10 6 and 1.5 ϫ 10 7 Ϯ 1.2 ϫ 10 7 CCID 50 /ml, respectively. There were no signiÞcant differences in total virus yield among any of the BLU or between the EHDV serotypes grown in the Culicoides cell lines. One-step growth curves for BLU-11 in the different cell lines at 30ЊC are shown in Fig. 1 . The peak titers for BLU-11 in the insect cells were equivalent to each other at 7 DAI and to the titer obtained in the VM cells grown at 30ЊC. However, the initial replication rate in the W3 cells was more rapid and peaked earlier (2 DAI) than in the W8 and KC cell lines. The more rapid replication rate in the W3 cell line was reßected in earlier detection of viral proteins and RNA after infection. These characteristics may make the W3 cell line more suitable for use in Orbivirus research.
The two Þeld-derived C. sonorensis cell lines described above are genetically unique. They contain isozyme alleles that are not found in the currently available colonyderived cell lines. Both cell lines are susceptible to Orbivirus infection and produce high titers of infectious virus. The availability of several cell lines representing the genetic diversity of C. sonorensis should expedite progress in a variety of vector and/or Orbivirus studies.
